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Regulation of the Myosin-Directed
Chaperone UNC-45 by a Novel
E3/E4-Multiubiquitylation Complex in C. elegans
UFD-2 as a functional E3/E4 complex and UNC-45 as
its physiologically relevant substrate.
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Summary It is known that protein degradation by the ubiquitin/
proteasome system occurs prominently in muscle cells,
The organization of the motor protein myosin into mo- both in physiologic and in disease states, such as during
tile cellular structures requires precise temporal and muscle atrophy. In general, ubiquitylation of a substrate
spatial control. Caenorhabditis elegans UNC-45 facili- requires a cascade of enzymes, which includes ubiqui-
tates this by functioning both as a chaperone and as tin-activating enzymes (E1), ubiquitin-conjugation en-
a Hsp90 cochaperone for myosin during thick filament zymes (E2), and ubiquitin protein ligases (E3) (Pickart,
assembly. Consequently, mutations in C. elegans unc- 2004). Recently, the yeast protein UFD2 was described
45 result in paralyzed animals with severe myofibril as an additional conjugation factor (E4), which binds
disorganization in striated body wall muscles. Here, to the ubiquitin moieties of preformed conjugates and
we report a new E3/E4 complex, formed by CHN-1, catalyzes multiubiquitin chain assembly, needed for pro-
the C. elegans ortholog of CHIP (carboxyl terminus teasomal degradation of specific model substrates
of Hsc70-interacting protein), and UFD-2, an enzyme (Koegl et al., 1999). The human CHIP protein (carboxyl
known to have ubiquitin conjugating E4 activity in terminus of Hsc70-interacting protein) also displays E4
yeast, as necessary and sufficient to multiubiquitylate function, by regulating the ubiquitylation activity of the
UNC-45 in vitro. The phenotype of unc-45 tempera- E3 enzyme Parkin (Imai et al., 2002).
ture-sensitive animals is partially suppressed by chn-1 Both CHIP and UFD2 contain a U box at the C terminus
loss of function, while UNC-45 overexpression in (Hatakeyama et al., 2001; Koegl et al., 1999). CHIP addi-
worms deficient for chn-1 results in severely disorga- tionally contains three tandem TPR motifs at its N termi-
nized muscle cells. These results identify CHN-1 and nus that bind to the chaperones Hsp70 and Hsp90 and
mediate its cochaperone activity. In vivo, CHIP-depen-
dent ubiquitylation of a variety of substrates bound by
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regulates UNC-45 protein levels. Unlike most CHIP- of exon 4 as well as the entire exons 5 and 6 (Figure
2A). Northern blots showed that the chn-1 gene in chn-dependent substrates, UNC-45 ubiquitylation does not
depend on the chaperone activities of Hsp70 or Hsp90. 1(by155) mutant animals is transcribed in reduced
amounts as a shorter message compared to wild-type.Our findings support a model in which CHN-1- and UFD-2-
dependent multiubiquitylation of UNC-45 regulates myo- The transcription efficiency of the downstream gene
T09B4.9 is not affected by this deletion (Figure 2B). Ifsin folding and assembly into thick filaments during the
development of striated muscles in C. elegans. translated, the corresponding truncated protein would
consist of the N terminus with only two intact TPR motifs
and no U box (CHN-1) (Figure 2C) and would not beResults
expected to act as a ubiquitylation enzyme (Figure 1F).
We tested different truncated versions of CHN-1 (FigureCHN-1 and UFD-2 Directly Interact with Each
2C) and found that CHN-1 is not able to interact withOther and Both Collaborate with the E2
GST-UFD-2, unlike CHN-1 that lacks the U box (CHN-1U box)Enzyme LET-70
(Figure 2D). These results indicate that, if translated,We identified a 26% identical U box containing C. ele-
the gene product of chn-1(by155) would be unable togans homolog of yeast UFD2 (Koegl et al., 1999) and
interact with UFD-2. Furthermore, CHN-1 is also notnamed it ufd-2 (open reading frame T05H10.5). To inves-
able to interact with the C. elegans Hsp70 homologtigate the role of UFD-2 in C. elegans, we screened for
HSP-1 (Figure 2E).interaction partners using the yeast two-hybrid system
The chn-1(by155) mutant is viable and displays noand identified CHN-1, a homolog of the human E4 en-
obvious morphological defects. We identified no signifi-zyme CHIP (Cyr et al., 2002) (Figure 1A). We confirmed
cant alterations under normal growth conditions (datathis interaction by demonstrating that bacterially ex-
not shown), but we observed a reduced brood sizepressed myc-tagged CHN-1 (mycCHN-1) interacted with a
(250  6 progenies [n  18] in contrast to 297  5glutathione S-transferase (GST)-UFD-2 protein purified
progenies [n  18] for N2 wild-type at 20C). Shiftingfrom E. coli and vice versa (Figure 1B and data not
chn-1 mutants to temperatures higher than 30C beforeshown). Additional two-hybrid analysis (Figure 2E) and
they produced eggs led to developmental arrest andin vitro protein binding assays showed that the C. ele-
lethality at different larval stages in the F1 generationgans Hsp70 homolog HSP-1 is able to interact with
(data not shown). chn-1(RNAi)-treated wild-type nema-CHN-1 (Figure 1C) and does not compete for UFD-2
todes display similar temperature sensitivity (C. Holm-binding (Figure 1D).
berg and R. Morimoto, personal communication).Self-ubiquitylation is characteristic for enzymes that
We generated a strain that was transheterozygousbelong to the ubiquitin system (Lorick et al., 1999). To
for chn-1(by155) and chn-1(ok459), which represents astudy the enzymatic activities of UFD-2 and CHN-1, we
loss-of-function allele (isolated by the C. elegans Geneperformed an assay in which self-ubiquitylation in the
Knockout Consortium, Oklahoma) (Figure 2A). Seven outabsence of a specific substrate reveals ubiquitin conju-
of eight chn-1(by155)/chn-1(ok459) transheterozygotesgation that occurs on the ubiquitin ligase itself. UFD-2 or
behaved like chn-1(by155) homozygotes. This supportsCHN-1 was incubated in separate reactions containing
our conclusion that by155 is a complete loss-of-functionubiquitin, E1, and the purified C. elegans E2 enzymes
allele. Since chn-1(ok459)-homozygous mutants are notLET-70 or UBC-18, homologs of yeast UBC4, which
viable due to deletions of neighboring genes, we usedfunctions in the same degradation pathway as yeast
chn-1(by155) for further studies.UFD2 (Jones et al., 2002; Koegl et al., 1999). Since it
has been shown that CHIP functions specifically with
the E2 enzymes of the UBC4/5 family (Jiang et al., 2001; CHN-1 and UFD-2 Interact with the Myosin
Murata et al., 2001), we expected that both E2 enzymes Chaperone UNC-45
would cooperate with UFD-2. Surprisingly, myc-tagged In an independent two-hybrid analysis, UFD-2 was pre-
UFD-2 (mycUFD-2) showed self-ubiquitylation only in con- viously shown to bind UNC-45 (D. Pilgrim, personal com-
junction with LET-70 but not with UBC-18 (Figure 1E). munication). We found that purified FLAG-tagged UNC-
Interestingly, CHN-1 self-ubiquitylation showed the 45 (FLAGUNC-45) interacted with purified GST-UFD-2
same dependency on LET-70 (Figure 1F). UFD-2 or (Figure 3A). UNC-45 has recently been shown to bind
CHN-1 lacking the U box had no self-ubiquitylation activ- Hsp90 and myosin (Barral et al., 2002). In our pull-down
ity (Figures 1E and 1F). To test whether CHN-1 has any assays, Hsp90 did not compete for the interaction be-
influence on UFD-2 self-ubiquitylation or vice versa, we tween UFD-2 and UNC-45 (data not shown).
compared in vitro self-ubiquitylation of UFD-2 or CHN-1 We also found that a GST-tagged version of CHN-1
in the absence and in the presence of excess amounts bound purified UNC-45. To compare their binding effi-
of CHN-1 or UFD-2, respectively. There was no apparent ciencies, we performed pull-downs using equimolar
difference in the efficiency of the reactions (Figures 1E amounts of GST-UFD-2 or GST-CHN-1 with identical
and 1F). Taken together, these results suggest that amounts of UNC-45. GST-UFD-2 bound 20-fold more
UFD-2 and CHN-1 act in the same conjugation pathway. UNC-45 when compared to GST-CHN-1 (Figure 3B).
Next, we examined whether there was any competition
between CHN-1 and UNC-45 for UFD-2 binding. BinaryA chn-1 Loss-of-Function Mutant Is Linked
to Stress Tolerance mixtures containing immobilized UFD-2 and either UNC-
45 or CHN-1 and a ternary mixture containing all threeTo obtain insight into the in vivo function of chn-1, we
isolated a deletion mutant of chn-1 after screening a proteins were set up and analyzed. Approximately equi-
molar complexes were detected between UFD-2 andC. elegans deletion library. The allele by155 results from
a 0.9 kilobase deletion that removes the 3 splice site both CHN-1 and UNC-45 in the binary mixtures and
E3/E4 Complex Regulates Myosin Assembly
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Figure 1. The C. elegans CHIP Ortholog CHN-1 Binds to UFD-2
(A) Two-hybrid assay for the interaction of UFD-2 with CHN-1. Yeast cells expressing the indicated proteins were streaked out on medium
plates lacking histidine to test for interaction-dependent activation of the HIS3 gene.
(B–D) Pull-down experiments with recombinant proteins followed by Western blotting using anti-myc antibodies and by Coomassie blue
staining. (B) Interaction of CHN-1 and UFD-2 in vitro. Bacterially expressed myc-tagged CHN-1 (mycCHN-1) was incubated with immobilized
GST or immobilized GST-UFD-2. (C) Interaction of the Hsp70 ortholog HSP-1 with CHN-1 in vitro. Bacterially expressed myc-tagged HSP-1
(mycHSP-1) was incubated with immobilized GST or immobilized GST-CHN-1. (D) HSP-1 does not compete for binding of CHN-1 with UFD-2.
mycCHN-1 was allowed to bind to GST-UFD-2 in the presence of HSP-1 in increasing concentrations (0, 0.3, 3, and 30 g, respectively).
(E–F) Self-ubiquitylation of UFD-2 and CHN-1. Recombinant myc-tagged versions of UFD-2 or UFD-2 U box and CHN-1 or CHN-1U box were
incubated with the combination of enzymes indicated. The reaction was terminated by addition of SDS-PAGE sample buffer and analyzed by
Western blotting. Efficient self-ubiquitylation of UFD-2 and CHN-1 requires E1, the E2 enzyme LET-70, and a functional U box.
among the three proteins in the ternary mixture. There were absent from the intestine (Figures 3D–3H). UNC-
45 has previously been shown to be expressed in bodywas no significant change in binding of either UNC-45
or CHN-1 to UFD-2 in the ternary mixture compared to wall muscle cells throughout development (Ao and Pil-
grim, 2000; Venolia et al., 1999). Importantly, the Pchn-1::the binary mixtures (Figure 3C). We conclude that UFD-2
is able to bind CHN-1 and UNC-45 simultaneously. GFP::chn-1 construct used for expression analyses is
able to rescue chn-1(by155) (Figure 4A). We thereforeHaving shown that UFD-2, CHN-1, and UNC-45 can
interact in vitro, we analyzed the expression pattern of conclude that, at least in body wall muscle cells, the
protein interactions observed in vitro can occur in vivoCHN-1 and UFD-2 using green fluorescent protein (GFP)
fusion constructs of each protein under control of the as well.
endogenous promoters. Both GFP::CHN-1 and UFD-
2::GFP fusion proteins displayed overlapping expres- chn-1(by155) Specifically Suppresses Different
unc-45 Temperature-Sensitive Mutantssion throughout the transgenic animals from the early
embryo to adulthood in a variety of tissues including To study the putative interaction between CHN-1 and
UNC-45 in vivo, we crossed chn-1(by155) with two tem-body wall muscle cells, neurons, and hypodermis but
Cell
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Figure 2. Deletion of chn-1
(A) Isolation of the chn-1(by155) deletion allele. The chn-1 gene (T09B4.10) maps to chromosome I. The genomic regions encoding the different
domains are shown: TPR motifs (TPR) and U box domain (U box). The position and extent of the deletion alleles by155 (989 bp) and ok459
(1422 bp) are indicated.
(B) Northern blot analysis of the chn-1 and T09B4.9 transcripts from N2 wild-type and chn-1(by155). The blot was probed with a chn-1-specific
cDNA fragment and with a specific DNA fragment against the neighboring gene T09B4.9, which is part of the same operon as chn-1. An act-1-
specific probe was used as loading control.
(C) Diagram of CHN-1 and deletion variants used in (D) and (E). Full-length CHN-1 possesses three TPR motifs and a U box domain.
(D) The TPR motifs are required for binding of CHN-1 with UFD-2. As in Figure 1B, the fragments of CHN-1, mycCHN-1U box, mycCHN-1TPR, and
mycCHN-1 (corresponding to the chn-1(by155) deletion) were tested for their ability to bind to GST-UFD-2.
(E) The CHN-1 fragment CHN-1, corresponding to the chn-1(by155) deletion, does not interact with HSP-1. Two-hybrid interactions of CHN-1
and the truncated versions CHN-1U box and CHN-1 were tested for binding to HSP-1 on medium plates lacking histidine.
perature-sensitive (ts) unc-45 mutants, unc-45(e286) ature (15C) leads to an essentially wild-type phenotype.
Temperature shifts reverse the unc-45 (ts) phenotype inand unc-45(m94), which encode full-length proteins with
a single amino acid substitution each (Barral et al., 1998). developing embryos or larvae, when most myofilament
assembly occurs, but not in adults (Epstein and Thom-When grown at the restrictive temperature (20C or
above), homozygous animals are paralyzed due to disor- son, 1974). Some uncoordinated worms, including unc-
45 (ts) mutants, display egg-laying defects (Egl pheno-ganized severe sarcomere disorganization (as shown in
Figure 5C). In contrast, growth at the permissive temper- type). These eggs hatch and develop inside the mother,
E3/E4 Complex Regulates Myosin Assembly
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Figure 3. Complex of CHN-1, UFD-2, and UNC-45
(A–C) Pull-down experiments with recombinant proteins followed by Western blot analysis and Coomassie blue staining. (A) Interaction of
UFD-2 and UNC-45 in vitro. GST-UFD-2 was incubated with purified FLAG-tagged UNC-45 (UNC-45FLAG) and pulled down with glutathione-
Sepharose beads. GST alone with UNC-45FLAG served as the negative control. (B) In vitro binding of UNC-45 by UFD-2 or CHN-1. Equimolar
amounts of GST-UFD-2 and GST-CHN-1 were incubated with the same amount of purified FLAG-tagged UNC-45 (UNC-45FLAG) and pulled
down with glutathione-Sepharose beads. GST alone with UNC-45FLAG served as the negative control. (C) Complex of CHN-1, UFD-2, and UNC-
45. GST-UFD-2 was incubated with purified FLAG-tagged UNC-45 (UNC-45FLAG) and myc-tagged CHN-1 (mycCHN-1) together, mycCHN-1, or
UNC-45FLAG alone and pulled down with glutathione-Sepharose beads. GST alone with UNC-45FLAG and mycCHN-1 served as the negative control.
(D–H) Transgenic expression of chn-1 and ufd-2 in muscle cells of N2 wild-type animals. (D) Two-fold embryo expressing GFP::chn-1 in the
cytoplasm of most cells. (E) L4 larva expressing GFP::chn-1 in pharynx muscles. (F) L2 larva showing expression of GFP::chn-1 in body wall
muscle cells (arrows). Inset shows detailed view of the subcellular localization: GFP::chn-1 is expressed mainly in the cytoplasm and not in
the nucleus of somatic muscle cells (arrows pointing to the nucleus). (G) ufd-2::GFP is expressed in pharyngeal muscles of a L2 larva. (H) L4
larva expressing ufd-2::GFP in the cytoplasm and the nucleus of body wall muscle cells (arrow points to the nucleus of a body wall muscle
cell). Scale bars, 10 m.
Cell
342
Figure 4. Genetic Interaction of chn-1 with unc-45
(A) Suppression of the bag of worms (Bag) phenotype of unc-45 (ts) mutants by chn-1(by155). L3 larvae of the indicated strains were shifted
from 15C to 22C 48 hr before counting the number of animals that died of internal hatching (bag of worms in percent). This suppression
was reverted by extrachromosomal expression of GFP::chn-1 under the chn-1 promoter (Ex[Pchn-1::GFP::chn-1]) or by extrachromosomal
expression of the chn-1 cDNA under the muscle-specific unc-54 promoter (Ex[Punc-54::chn-1]). Three (Ex[Pchn-1::GFP::chn-1]: byEx395, byEx396,
byEx398) and two (Ex[Punc-54::chn-1]: byEx399, byEx400) independent lines were analyzed for rescue of chn-1(by155)-dependent suppression
of unc-45(m94).
(B) Suppression of the egg-laying defect (Egl) of unc-45 (ts) mutants by chn-1(by155). L3 larvae of chn-1(by155), unc-45(m94), unc-45(e286)
single and double mutants were shifted from 15C to 22C, and progenies were counted.
(C) Suppression of the Unc phenotype of unc-45 (ts) mutants by chn-1(by155). The bacterial lawns on the plates show traces of temperature-
shifted worms (shifted as in [A] and [B]) after crawling for 1 hr at 22C for chn-1(by155), unc-45(m94), unc-45(e286) single and double mutants.
Ten young adults were assayed for each strain, and all displayed similar motility.
(D) Measurement of body bends for chn-1(by155), unc-45(m94), unc-45(e286) single and double mutants and N2 wild-type. The number of
body bends per minute of temperature-shifted young adult animals (shifted as in [A]-[C]) were counted at 22C.
leading to a terminal “bag of worms” (Bag phenotype) shifting L3 larvae from 15C to 22C (Figure 4A). The
egg-laying defect of unc-45 (ts) mutants severely limits(Waterston, 1988). The chn-1 loss-of-function mutation
by155 significantly but not completely suppresses the the number of progeny generated. chn-1(by155); unc-
45(m94) double mutants display a significantly en-Bag phenotype of unc-45(e286) and unc-45(m94) after
E3/E4 Complex Regulates Myosin Assembly
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Figure 5. Extrachromosomal Expression of unc-45 in chn-1(by155)
(A) Motility assay for N2 wild-type, unc-45(m94), and chn-1(by155). The bacterial lawns on the plates showing traces of worms after crawling
for 1 hr at 20C or 25C for N2, unc-45(m94), and chn-1(by155) with or without extrachromosomal expression of unc-45 under the muscle-
specific unc-54 promoter (Ex[Punc-54::unc-45]). Ten young adult worms were assayed for each strain, and all displayed similar motility.
(B) Measurement of body bends for N2 wild-type, unc-45(m94), and chn-1(by155). The number of body bends per minute of young adult
animals grown at 25C were counted for N2, unc-45(m94), and chn-1(by155) with or without extrachromosomal expression of unc-45 under
the muscle-specific unc-54 promoter (Ex[Punc-54::unc-45]) or the integrated array Is[Punc-54::unc-45].
(C) Polarized light microscopy of body wall muscles of N2, unc-45(m94), and chn-1(by155) strains expressing or not expressing unc-45 under
the muscle-specific unc-54 promoter (Ex[Punc-54::unc-45]). All micrographs are of muscle cells located immediately posterior to the pharynx of
young adult animals grown at 25C. Note that the muscle cells of N2, chn-1(by155), N2Ex[Punc-54::unc-45], and unc-45(m94)Ex[Punc-54::unc-
45] animals have well-organized sarcomeres, in which long A bands (bright bands, marked by arrows) alternate with long I bands (dark bands),
whereas those of unc-45(m94) and chn-1(by155)Ex[Punc-54::unc-45] animals have disorganized sarcomeres, in which alternating A and I bands
are difficult to identify in equivalent regions (arrowheads).
(D) Expression of UNC-45 protein in vivo. Same amounts of N2 wild-type worms expressing UNC-45 protein from the integrated transgene
Is[Punc-54::unc-45FLAG] (produced from the extra chromosomal array Ex[Punc-54::unc-45FLAG] ) or from the extra chromosomal array Ex[Punc-54::unc-
45FLAG] were boiled in SDS-PAGE sample buffer and analyzed by Western blotting. An Hsp90-specific antibody (anti-N608F) was used to
control lane loading.
hanced brood size in contrast to the single mutants chn-1 cDNA under the muscle-specific control of the
unc-54 promoter (Figure 4A). This transgenic rescue in-but still not equivalent to the wild-type (Figure 4B). The
specificity of this genetic interaction was demonstrated dicates that the suppression of temperature-sensitive
unc-45 alleles is due to the deletion in the chn-1 gene.with the restoration of the Bag phenotype to unc-45 (ts)
mutant behavior by the expression of a functional copy Furthermore, expression of each transgene alone on a
wild-type background shows no effect on muscle struc-of chn-1 from a genomic subclone (identical to the one
used for the expression studies in Figures 3D–3F) or the ture (data not shown). In order to detect subtle move-
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ment defects, temperature-shifted worms were allowed of unc-45 in the chn-1(by155) mutant lead to a dramatic
Unc phenotype, resulting in animals that are fully para-to crawl for 1 hr on agar plates completely seeded with
lyzed.a lawn of E. coli cells, and the traces were then photo-
We next sought to study the defects in muscle struc-graphed (Figure 4C). The double mutants chn-1(by155);
ture of these strains by polarized light microscopic ex-unc-45(e286) and chn-1(by155); unc-45(m94) displayed
amination. Wild-type worms have body wall muscle cellssignificantly better movement than unc-45(e286) or unc-
exhibiting periodic sarcomeric structures such as A45(m94) alone. We confirmed this result by measuring
bands, I bands, dense bodies, and H zones (Waterston,how many body bends per minute the worms can per-
1988). In line with the movement data, the transgenicform in liquid medium (Figure 4D).
expression of unc-45 did not affect muscle structure inComplete loss-of-function alleles of unc-45 result in
wild-type and rescued the muscular defects of the unc-embryonic lethality (Venolia and Waterston, 1990), and
45(m94) allele, which normally displays a disorganizedother UCS domain proteins have been demonstrated to
sarcomeric structure. This analysis also showed that thebe required for proper cytokinesis (S. pombe Rng3p and
muscle structure of chn-1(by155) is comparable to thathuman general cell type UNC-45) (Price et al., 2002;
of wild-type, but the expression of transgenic unc-45Wong et al., 2000). This is consistent with a localization
led to strong sarcomeric assembly defects (Figure 5C).of UNC-45 at the cleavage furrow in the early embryo.
Expression of UNC-45 protein from an integrated trans-Moreover, recent two-hybrid analysis suggests that, in
gene (produced from the extra chromosomal arrayaddition to the muscle myosins, cytoskeletal type II and
Ex[Punc-54::unc-45FLAG] ) was significantly less (20-fold)unconventional type V myosins interact with the UNC-
than that from the extra chromosomal array (Figure 5D)45 protein (Hutagalung et al., 2002). However, in contrast
and did not lead to any detectable sarcomeric defectsto the suppression of unc-45 (ts) mutants, chn-1(by155)
in the chn-1(by155) mutant background (Figure 5B).is not able to suppress the embryonically lethal allele
Therefore, the amount of UNC-45 protein present in theunc-45(st604) (Venolia and Waterston, 1990) (25 out of
muscle cells is critical for proper function in worms lack-25 chn-1(by155); unc-45(st604) embryos arrested like
ing CHN-1.the unc-45(st604) single mutant at the 2-fold stage of
Taken together, our results demonstrate that chn-1embryonic development). We asked whether the chn-1
loss of function not only suppresses temperature-sensi-mutation suppresses specifically unc-45 alleles or,
tive unc-45 alleles but is also not able to compensaterather more generally, mutations in body wall muscle
for excessive amounts of UNC-45.components. Therefore, we analyzed double mutants of
chn-1 and unc-54, the gene encoding body wall muscle
UNC-45 Is a Substrate for CHN-1- and UFD-2-myosin B (Epstein et al., 1974). Loss of chn-1 does not
Dependent Multiubiquitylationsuppress the Egl phenotype of the temperature-sensi-
The direct physical interaction between CHN-1 andtive mutant unc-54(e1301) (29 out of 30 chn-1(by155)
UNC-45, the chn-1(by155)-dependent suppression ofunc-54(e1301) double mutants were still Egl), indicating
unc-45 (ts) mutants, and the myosin assembly defectsthat suppression is indeed specific for unc-45 (ts) alleles.
resulting from extra chromosomal expression of unc-45In summary, our findings suggest that some defects
in the chn-1(by155) mutant background suggest thatof the unc-45 (ts) phenotype can be suppressed specifi-
UNC-45 might be a substrate for CHN-1-dependentcally by loss of chn-1-function. However, since this sup-
ubiquitylation. To examine this possibility, we performedpression needs the residual UNC-45 activity provided
in vitro ubiquitylation assays using recombinantly ex-in unc-45 (ts) animals, our findings indicate that CHN-1
pressed E1, the E2 enzyme LET-70 (DeRenzo et al.,appears to act as a negative regulator of UNC-45.
2003; Jones et al., 2002), and CHN-1. These enzymes
were incubated with purified FLAG-tagged UNC-45 in a
Muscle-Specific Expression of unc-45 Leads buffer containing ATP and ubiquitin. As shown in Figure
to Myosin Assembly Defects 6A (left panel), the activities of all three enzymes together
in the chn-1(by155) Mutant are required and sufficient for the recognition and ubiq-
To assess the effect of unc-45 overexpression on a uitylation of UNC-45 in vitro. In contrast to LET-70 alone,
chn-1-deficient background, we expressed the unc-45 the addition of full-length CHN-1 leads to efficient ubi-
cDNA from an extra chromosomal array under the con- quitin conjugation. However, the majority of conjugates
trol of the muscle-specific unc-54 promoter in unc- appeared to contain only one to three ubiquitin moieties.
45(m94), chn-1(by155), and N2 wild-type worms. Im- As expected from the self-ubiquitylation studies, a
portantly, expression of this transgene (Punc-54::unc-45) CHN-1 version lacking the U box CHN-1U box was not
rescues the ts phenotype of unc-45(m94) at the restric- able to ubiquitylate UNC-45 (Figure 6B).
tive temperature of 25C, as assessed by both improved Interestingly, a reaction containing UFD-2 instead of
motility and muscle structure, demonstrating that it ex- CHN-1 led to a similar result: addition of one to three
presses functional levels of UNC-45 protein (Figures 5A– ubiquitins to the substrate protein UNC-45 (Figure 6A,
5C). The worms were allowed to crawl for 1 hr on agar right panel). Thus, CHN-1 and UFD-2 have a limited
plates completely seeded with a lawn of E. coli cells, capacity to multiubiquitylate UNC-45 in vitro. We next
and the traces were then photographed (Figure 5A). tested whether incubation of UNC-45 with both CHN-1
Additionally, we determined how many body bends per and UFD-2 simultaneously during the reaction would
minute the worms can perform in liquid medium, a reli- give a different result. We found that, together, these
able way of assessing subtle contractile defects (Figure enzymes dramatically stimulated the multiubiquitylation
5B). We found that wild-type and unc-45(m94) worms reaction, yielding UNC-45 conjugates with significantly
expressing functional UNC-45 behave essentially like longer chains than those conjugated by CHN-1 or UFD-2
alone (Figure 6C).untransformed wild-type worms. However, extra copies
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Figure 6. UNC-45 Is a Target for CHN-1- and UFD-2-Dependent Ubiquitylation
(A–C) In vitro ubiquitylation of UNC-45. Purified FLAG-tagged UNC-45 (UNC-45FLAG) was incubated with the combination of enzymes indicated.
The reaction was terminated by addition of SDS-PAGE sample buffer and analyzed by Western blotting. (A) UNC-45 ubiquitylation requires
CHN-1 or UFD-2. (B) The ubiquitylation of UNC-45 depends on a functional U box of CHN-1. (C) Both CHN-1 and UFD-2 together multiubiquitylate
UNC-45.
(D) UNC-45 is ubiquitylated in vivo. Recombinantly expressed FLAG-tagged UNC-45 (UNC-45 Rec.) or UNC-45FLAG expressed in N2 wild-type
animals (UNC-45 Lys.) were immunoprecipitated with FLAG-specific antibodies, and the precipitates were separated by SDS gel electrophoresis
followed by Western blotting using anti-FLAG antibodies or anti-ubiquitin (anti-Ubi) antibodies. Lysate of N2 wild-type, which did not express
FLAG-tagged UNC-45 (wt Lys.), served as the negative control and did not react with anti-Ubi antibodies.
To determine whether UNC-45 is in fact ubiquitylated opment is still a largely unexplored processes. Recent
results suggest that myosins do not assemble autono-in vivo, we examined wild-type worms expressing func-
tional FLAG-tagged UNC-45 (the extra chromosomal mously but rather need additional factors. One likely
candidate for this process is the Hsp90 cochaperonearray Ex[Punc-54::unc-45FLAG] rescues the myosin assembly
defect and thereby the movement disorder of unc- UNC-45, which itself exerts chaperone activity on mus-
cle myosin II during thick filament assembly and inter-45(m94) [see Figures 5A–5C]). Indeed, immunoblot anal-
ysis of protein samples obtained by immunoprecipi- acts with nonmuscle myosin II and unconventional myo-
sin V (Barral et al., 2002; Hutagalung et al., 2002).tation of UNC-45 revealed ubiquitin-immunoreactive
proteins with sizes slightly larger than full-length UNC- We found that UNC-45 is ubiquitylated in vivo. The
CHIP ortholog CHN-1 and UFD-2 are both necessary45. Furthermore, immunoprecipitated UNC-45 recombi-
nantly expressed and purified from baculovirus-infected and sufficient for its multiubiquitylation in vitro. The Bag
phenotype and the movement defect of unc-45 (ts) mu-insect cells was not ubiquitylated (Figure 6D). We con-
clude from these data that CHN-1 and UFD-2 form a tants can be suppressed in animals lacking CHN-1 most
likely due to stabilization of the corresponding UNC-45complex that directly multiubiquitylates the UNC-45 pro-
tein in vivo. (ts) proteins. Importantly, this suppression needs resid-
ual UNC-45 activity. However, excessive amounts of
UNC-45 appear to be toxic for myosin assembly in theDiscussion
chn-1(by155) mutant. We found that the E2 enzyme LET-
70 (Jones et al., 2002) specifically collaborates withRegulation of the Myosin Chaperone UNC-45
The assembly of myosin into the contractile ring during CHN-1 and UFD-2 in self-ubiquitylation assays as well
as in UNC-45 conjugation. Thus, this E2 enzyme mostcytokinesis and into thick filaments during muscle devel-
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Figure 7. Hypothetical Model for CHN-1/UFD-2-Dependent Regulation of the Myosin Chaperone UNC-45
UNC-45 is able to bind myosin and Hsp90 simultaneously and thereby functions both as a molecular chaperone and as an Hsp90 cochaperone
for myosin in muscle thick filament assembly. Additionally, UNC-45 interacts with CHN-1 or UFD-2 and each of them alone in collaboration
with the ubiquitin-activating enzyme (E1), and the ubiquitin-conjugating enzyme (E2) LET-70 mediates only triple ubiquitylation of UNC-45.
However, the E3/E4 complex formed by CHN-1 and UFD-2 multiubiquitylates UNC-45, which probably leads to degradation of UNC-45 by
the 26S proteasome. Thus, the protein level of the myosin chaperone UNC-45 seems to be tightly regulated, and this appears to be necessary
for the correct assembly of myosin in body wall muscle cells.
likely functions in this pathway in vivo. Supporting our sponse to stress, CHN-1, encoded by a single gene in
C. elegans, is not essential for viability. Similar resultsresults, Jones et al. (2002) have shown that arrested
larvae resulting from let-70 (RNAi) treatment of wild-type were recently found in physiological studies in mice
lacking CHIP (Dai et al., 2003). However, the sensitivityworms have defects in muscle sarcomere assembly.
Downregulation of the proteasomal subunit RPT-2 by to severe heat stress of both chn-1(by155) worms and
CHIP null mice is indeed consistent with the reportedRNAi leads to a similar suppression of unc-45 (ts) mu-
tants as shown by chn-1 loss of function (data not cochaperone function of CHIP. The ability of CHIP/
CHN-1 to mediate ubiquitylation and its cochaperoneshown). Thus, the protein levels of the myosin chaperone
UNC-45 necessitate stringent regulation, which appears activity therefore probably represent a link between ab-
normal protein degradation and protein folding in vivo.to be dependent on CHN-1 and UFD-2 ubiquitylation
activity (Figure 7). Interestingly, UFD2 is also required for stress tolerance
in yeast cells deficient for the proteasomal subunitWhy not all aspects of the conditional unc-45 pheno-
type can be restored by the chn-1 deletion is presently RPN10 (Koegl et al., 1999), which might suggest that U
box proteins are particularly well suited to function un-unclear. This could be due to a stabilization of nonnative
species of UNC-45 (ts) mutant protein that may be more der conditions of cellular stress.
Here we presented in vitro and in vivo evidence for atoxic for myosin assembly than the accumulation of
wild-type UNC-45. Another possibility is that depletion direct role of CHN-1 in the regulation of myosin assembly
by ubiquitylation of the myosin chaperone UNC-45 (Fig-of additional factors needs to take place as well.
ure 7). Therefore, we propose that UNC-45 represents
the first natural substrate identified for the CHIP or-Physiological Role of CHIP
tholog CHN-1.CHIP was first identified as a cochaperone of Hsc70
and Hsp90 (Ballinger et al., 1999). In recent studies, it
was found that its C-terminal U box has ubiquitin ligase Is the CHN-1/UFD-2/UNC-45 Complex Conserved
throughout Evolution?activity (Jiang et al., 2001). Thus, CHIP probably acts as
a protein quality-control ubiquitin ligase that selectively UNC-45 homologs have been identified in Drosophila,
Xenopus, zebrafish, mouse, and human. They all shareleads abnormal proteins recognized by molecular chap-
erones to degradation by the 26S proteasome. Although the same domain configuration found in C. elegans
UNC-45: an N-terminal TPR domain, a unique centralaccumulating evidence from in vitro studies suggests
that this may be the case, actual biological pathways region, and a C-terminal UCS domain (Barral et al., 2002;
Hutagalung et al., 2002). Significantly, mutated residuesinvolving CHIP have remained largely unexplored (Mu-
rata et al., 2003). in C. elegans and S. pombe UCS domains are identical
or conserved throughout all identified homologs (BarralWe demonstrated that CHN-1 displays U box-depen-
dent self-ubiquitylation activity and that it interacts with et al., 2002). The UNC-45 homolog from zebrafish was
recently shown to be required for muscle thick fiberC. elegans Hsp70, consistent with previous results in-
volving CHIP (Ballinger et al., 1999; Jiang et al., 2001). assembly upon interaction with myosin (Etheridge et al.,
2002). Both human and mouse genomes contain twoThus, CHN-1 seems to be a bona fide C. elegans or-
tholog of CHIP. Surprisingly, in contrast to the specu- isoforms of UNC-45, which have separate but possibly
overlapping functions in striated muscle differentiationlated key role for CHIP in modulating the cellular re-
E3/E4 Complex Regulates Myosin Assembly
347
(Price et al., 2002). Thus, the function of UNC-45 in myo- for regulation of cellular pathways. For example, the
presence of a regulated assembly factor during the cellsin assembly seems to be highly conserved through-
out evolution. cycle could allow different degradation times for differ-
ent substrates of the same multiubiquitylation complex.CHN-1 and UFD-2 also have homologs from yeast to
man, including C. elegans. Expression studies of human In multicellular organisms like C. elegans, substrate deg-
radation could be induced by tissue-specific coexpres-CHIP showed that it is highly expressed in adult human
striated muscles as well as in a developmentally and sion of both E3 enzymes in a developmentally regulated
manner. It is not unreasonable to propose that differentspatially regulated fashion in the mouse embryo, partic-
ularly during the course of cardiac and skeletal myogen- combinations of E3 enzymes could lead to alternative
complexes that mediate E4 activity. Interestingly, CHIPesis (Ballinger et al., 1999). However, the functional sig-
nificance of this tissue-specific expression pattern of interacts with the E3 enzyme Parkin (Imai et al., 2002),
and Nikolay et al. (2004) have recently shown that CHIPCHIP is presently unclear. Our work revealed a regula-
tory function of the CHIP ortholog CHN-1 in myosin is also able to form a homodimer.
Several CHIP-dependent substrates have been identi-assembly in the nematode C. elegans, which could pro-
vide insight into similar roles for CHIP during mammalian fied from experiments with CHIP overexpressing cells
or from in vitro reconstitution systems. Surprisingly,development. A similarly conserved CHIP/UFD2/UNC45
mammalian complex might mediate an equivalent ubi- some of these substrates are not efficiently multiubiqui-
tylated in vitro (ErbB2, raf-1 kinase) (Demand et al., 2001;quitin-dependent regulation on processes that require
myosin assembly. Several lines of evidence support this Xu et al., 2002), and ubiquitylation of some substrates
is not sufficient for degradation (Hsc70 and BAG-1) (Al-speculation. First, like CHIP, human and mouse UFD2
are highly expressed in skeletal muscle (Ballinger et al., berti et al., 2002; Jiang et al., 2001). It is thus conceivable
that a similarly conserved CHIP/UFD2 complex to the1999; Kaneko et al., 2003; Mahoney et al., 2002). Second,
the mouse homologs UFD2a, UFD2b, and CHIP collabo- one described here might indeed be necessary to effi-
ciently multiubiquitylate a variety of substrates in vivo.rate with the same E2 enzymes, Ubc4 and UbcH5c (Ha-
takeyama et al., 2001; Jiang et al., 2001; Murata et al.,
Experimental Procedures2001). And, finally, the proteasome subunit S5a interacts
physically with CHIP (Connell et al., 2001), and the yeast
Strains
S5a homolog RPN-10 interacts epistatically with UFD2 Worms were handled according to standard procedures and grown
in S. cerevisiae (Koegl et al., 1999). at 20C unless otherwise stated (Brenner, 1974). The mutations used
in this study are listed by chromosomes as follows: LGI, chn-
1(by155), chn-1(ok459), ok59, unc-54(e1301); and LGIII, unc-CHN-1 and UFD-2 Form a Functional
45(e286), unc-45(m94), unc-45(st604), daf-7(n696). The Bristol strainE3/E4 Complex
N2 was used as the wild-type strain. The chn-1(ok459) mutant was
E3 enzymatic activity is usually sufficient for multiubiqui- kindly provided by the C. elegans Gene Knockout Consortium,
tylation of substrate proteins. However, some E3 en- Oklahoma.
zymes need additional factors. For example, the tumor
Plasmidssuppressor protein BRCA1 is only active as a functional
chn-1 and ufd-2 were amplified by PCR and cloned into pGBKT7E3 ligase when in a heterodimeric E3-like complex with
(pGBK-UFD-2), pGADT7 (pGAD-CHN-1), and pGEX4T1 (pGEX-BARD1 (Hashizume et al., 2001). Yeast UFD2 has re-
CHN-1, pGEX-UFD-2). A myc tag was introduced 5 of chn-1, ufd-
cently been identified to act as a multiubiquitylation fac- 2, and hsp-1 cDNAs by PCR and cloned into pET21a (pET-mycCHN-1,
tor, which binds to the ubiquitin moieties of preformed pET-mycUFD-2, pET-mycHSP-1). pET-mycCHN-1 and pGAD-CHN-1 have
been modified to create the deleted versions pET-mycCHN-1U box,conjugates and catalyzes multiubiquitin chain assembly
pET-mycCHN-1TPR, pET-mycCHN-1, pGAD-mycCHN-1U box, and pGAD-in conjunction with E1, E2, and E3, an activity designated
mycCHN-1. The same was done with pET-mycUFD-2 to obtain mycUFD-as E4 (Koegl et al., 1999). A similar E4-like function has
2U box. hsp-1 was subcloned into pGBKT7 (pGBK-HSP-1). The
been identified for mammalian CHIP (Imai et al., 2002). cDNAs encoding the E2 enzymes LET-70 and UBC-18 were cloned
This work revealed a surprising mechanistic aspect into pGEX4T1 (pGEX-LET-70, pGEX-UBC-18).
of multiubiquitylation pathways. The regulation of UNC-
Transgene Construction45 described here appears to involve a novel E4 activity
The ufd-2::GFP transgene was constructed by subcloning 1.2 kblinked to a heterooligomeric complex of two E3 en-
upstream regulatory sequence of the predicted start codon and thezymes. In contrast to in vitro results with yeast UFD2
complete 3.2 kb genomic ufd-2 locus into vector pPD95.75 in frame
(Koegl et al., 1999), the C. elegans ortholog UFD-2 is able to a 3 GFP cassette. The resulting construct was coinjected at a
to add one to three ubiquitin molecules in the absence of final concentration of 80 ng/l with 20 ng/l of the marker plasmid
pRF4 (rol-6). GFP::chn-1 was constructed by subcloning 0.6 kb pre-an additional E3 enzyme to its substrate UNC-45 (Figure
dicted promoter sequence upstream and the complete 2.9 kb geno-6A, right panel). A similar reaction occurs when only
mic chn-1 locus downstream in frame to a GFP cassette into vectorCHN-1 is used (Figure 6A, left panel). Therefore, in
pPD117.01. The resulting construct (20 ng/l) was coinjected with
C. elegans, both CHN-1 and UFD-2 work independently 20 ng/l of the marker plasmid pRF4 (rol-6). The chn-1 cDNA was
as E3 enzymes in this ubiquitylation pathway. Remark- subcloned into pPD88.27 to get pPD88.27-Punc-54::chn-1. For overex-
ably, we found that only combination of the E3 enzymes pression studies, the unc-45 cDNA containing a 3 FLAG tag se-
quence was subcloned into pPD30.38, and 20 ng/l of the resultingCHN-1 and UFD-2 leads to appropriate multiubiquityla-
construct pPD30.38- Punc-54::unc-45FLAG was coinjected with 20 ng/ltion of the substrate UNC-45 (Figure 6C). Thus, we have
of the marker plasmid pPD114.108 (mec-7::GFP).identified a situation in which two E3 activities in combi-
nation lead to formation of a complex with E4-like activ- Yeast Two-Hybrid Studies
ity (Figure 7). The full-length UFD-2 protein was fused to the GAL4 DNA binding
domain using the vector pGBKT7 and transformed in the yeast hostSuch an E3/E4 complex offers a variety of possibilities
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strain AH109, obtained from Clontech (Palo Alto, C.A.). Protein inter- H.F.E.). J.M.B. is supported by a fellowship from The International
Human Frontier Science Program Organization.action studies were carried out according to the manufacturer’s in-
structions.
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